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ANALYSIS OF THE EFFECT OF ENGINE CHARACTERISTICS ON THE EXTERNAL 
AERODYNAMICS OF STOL WING PROPULSION SYSTEMS 
by James A. Albers 
Lewis Research Center 

SUMMARY 

The effects of engine pressure ratio, engine size, and engine location on the pres- 
sure distribution, lift coefficient, and flow field of a STOL wing propulsion system are 
presented. The flow variables of the engines are included in the two-dimensional po- 
tential flow analysis by considering the effects of mass flow coefficient at the engine in- 
let and thrust coefficient at the engine exit. A functional relation between these coeffi- 
cients and engine pressure ratio is given. The results of this study indicate that the 
effect of engine pressure ratio on the external aerodynamics is a function of engine lo- 
cation. For engines located on the bottom of the wing, the highest pressure ratio engine 
resulted in the highest lift coefficient. For engines located on the top of the wing, the 
lowest pressure ratio engine resulted in the highest lift coefficient. 


INTRODUCTION 

The external aerodynamics of combined wing and propulsion systems under high 
lift conditions are needed to do detailed design studies of STOL configurations. Because 
of the expense and complexity of models of powered high lift systems, only a limited 
range of design variables and geometries can be tested in the wind tunnel. The external 
aerodynamics can also be determined from a potential flow analysis that includes the 
effects of engine characteristics. This report considers an analysis of two-dimensional 
wing propulsion systems which consist of an airfoil and flap; the engines, which have a 
distributed suction at their inlet and a jet at their exit; and a jet sheet leaving the flap 
trailing edge. With such a potential flow analysis, the designer can consider a wide 
variety of configuration variables at modest cost and develop an understanding of many 
significant factors contributing to the design of wing propulsion systems. By combining 
this potential flow analysis with an airplane performance and boundary layer analysis, 



the designer is better equipped to select the (1) wing propulsion system, (2) engine loca- 
tion and orientation, (3) engine pressure ratio and size, and (4) airfoil geometry. 

A potential flow theory often used when considering STOL wing propulsion systems 
is the jet flap theory as discussed in references 1 and 2. This thin airfoil theory as- 
sumes small flow deflections and considers the effect of the engine exhaust jet but does 
not take into account the effect of the engine inlet. A more recent potential flow solution 
for a combination engine-wing system is presented in reference 3. This solution in- 
cludes the following four effects: (1) inlet airflow of the propulsion system, (2) exhaust 
jet of the propulsion system, (3) wing thickness and camber, and (4) high wing angles of 
attack and large flap and flow deflection angles. By use of this solution, the effect of 
the engines on the wing pressure distribution and lift coefficient can be obtained. 

The purpose of this report is to investigate the effects of the flow variables of the 
engine on the external aerodynamics of the combined wing and propulsion system. The 
flow variables of the engine are treated by considering the effects of thrust coefficient 
at the propulsion system exhaust and mass flow coefficient at the propulsion system in- 
let. A functional relation between these coefficients and engine pressure ratio is given. 

This report presents the effects of engine pressure ratio, engine size, and engine 
location on the pressure distribution, lift coefficient, and flow field. Engine pressure 
ratios range from 1. 08 to 1. 34 with three engine locations: under the wing, near the 
wing leading edge, and on top of the wing flap. The present study was made for a free- 
stream Mach number of 0. 12, zero wing angle of attack (NACA 4415 airfoil with flap), 
and 30° jet incidence angle at the flap trailing edge. Comparisons of predicted lift coef- 
ficients with jet flap theory and with experimental data are also included. 


SYMBOLS 


three-dimensional lift coefficient 
two-dimensional lift coefficient 
Cp pressure coefficient 
Cq mass flow coefficient 
C,p thrust coefficient 

c chord length (fig. 1) 

M Mach number 

m fan or engine mass flow rate per unit span 
P total pressure 

p static pressure 
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T total temperature 

t static temperature 

t wing thickness 

V velocity 

x distance along wing chord 

y distance normal to wing chord 

a angle of attack 

y ratio of specific heats 

0 flap angle (fig. 1) 

ri adiabatic efficiency 

p free-stream density 

Subscripts: 
e engine exit 

o engine inlet 

00 free stream 


METHOD OF ANALYSIS 

For any STOL wing propulsion system, the engine is an integral part of the lifting 
system. This complicates the mathematical analysis needed for a reasonable approxi- 
mation to the physical system. Although the effect of the engine is three-dimensional, 
the presented two-dimensional analysis contains the basic characteristics of wing-engine 
systems. For multiple engine-wing propulsion systems and two-dimensional ejectors 
located at the wing trailing edge, as the augmentor wing, it is reasonable to approximate 
the wing section flow characteristics with a two-dimensional flow. 

A representation of a typical two-dimensional lifting system is shown in figure 1. 

The wing propulsion system combination is idealized by considering it to be one solid 
body with suction at the propulsion system inlet. Since the exhaust jet of the propulsion 
system is at a higher total pressure than the surrounding flow and potential flow pre- 
sumes a uniform total pressure, the jet is considered to be a part of the solid body. The 
potential flow is calculated for a body surface, which consists of an airfoil with flap; the 
engines or fans, which have a distributed suction at their inlet and a jet at their exit; and 
a jet sheet leaving the flap trailing edge. The analysis was accomplished by extension 
of the two-dimensional Douglas program (refs. 4 and 5) to include the effect of suction 
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at the propulsion system inlet, and by the development of a technique for determining 
the approximate location of the exhaust jet of the propulsion system (ref. 3). The effect 
of suction was obtained by combining the Douglas basic suction solution with a uniform 
flow solution for a lifting body. The location of the jet exhaust was determined by bal- 
ancing the vertical component of thrust at the flap with the integrated vertical pressure 
forces on the free jet. A description of the computer program used to obtain the solu- 
tion is given in reference 6. 

The potential flow problem for a given wing propulsion system is one of calculating 
the velocities on and external to the body for any combination of the following variables: 
(1) free-stream velocity V OT ; (2) fan or engine mass flow rate per unit span m; 

(3) propulsion system exit momentum (thrust) per unit span; (4) flap angle 0; and 
(5) wing angle of attack a. The first three variables can be combined into two dimen- 
sionless parameters: the engine or fan mass flow coefficient Cq = m/pV M c, and the 
exit thrust coefficient C,p = mV Q /{l/2pY^ 0 c). The relation between these two parame- 
ters and the propulsion system parameter of engine pressure ratio P e /P Q can be ex- 
pressed as 



This equation is derived in the appendix and illustrated in figure 2 for = 0. 12 and 
77 = 0. 85. The figure shows that the ratio of mass flow coefficient to thrust coefficient 
increases with decreasing engine pressure ratio. 


EFFECT OF ENGINE CHARACTERISTICS 

The engine characteristics are represented by two propulsion system parameters - 
mass flow coefficient Cq = m/pV^c, and exit thrust coefficient Crp = mV e /{l/2pV ao c). 
By use of these two parameters, both the effect of suction at the engine inlet and the ef- 
fect of the exhaust jet of the engine are included in the analysis. These two propulsion 
system parameters are related to the engine pressure ratio (eq. (1)), an important en- 
gine characteristic. The effect of engine pressure ratio is discussed first. This is 
followed by a more detailed discussion of the effects of the propulsion system 
parameters - mass flow coefficient and thrust coefficient. For all the propulsion sys- 
tems studied, the wing angle of attack is 0°, and the jet incidence angle at the wing 
trailing edge is 30°. The calculations were made for = 0. 12, which is representa- 
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tive of STOL takeoff and landing speeds. A representative value of fan efficiency 
( rj = 0. 85) was used in calculating engine pressure ratio. 


Engine Pressure Ratio 

The effect of engine pressure ratio is shown in figure 3 for engines located on top 
of the wing flap for a constant thrust coefficient. A constant thrust coefficient and a 
varying engine pressure ratio imply a varying mass flow coefficient (fig. 2). The effect 
of engine pressure ratio on the upper surface pressure distribution is illustrated in fig- 
ure 3(a). As the engine pressure ratio is decreased from 1. 34 to 1. 08, the average 
negative value of the upper surface pressure coefficient is increased by 50 percent. 
Corresponding to the increase in the negative pressure coefficient, the steepness of the 
adverse pressure gradient at the wing leading edge also increased with the engine pres- 
sure ratio. The increase in the negative value of the pressure coefficient is due to the 
effect of inlet suction (increased mass flow coefficient) as engine pressure ratio is re- 
duced. The lift coefficient increased from 6 to 6.8 as the engine pressure ratios de- 
creased from 1. 5 to 1. 08 as shown in figure 3(b). Associated with the lower pressure 
ratio and higher values of Cq is a thickening of the inlet flow stream tube entering the 
engine. This is illustrated in figure 4 for two different engine pressure ratios. As 
mass flow is increased (reflected by a change in engine pressure ratio), the stagnation 
point shifts further under the wing leading edge. There is also a larger jet penetration 
at the lower engine pressure ratios as shown in figure 5. This result is due to the in- 
crease in suction at the engine inlet corresponding to the lower pressure ratio. 

The effect of engine pressure ratio on the upper surface pressure distribution for 
engines located under a wing is presented in figure 6(a). This figure indicates the op- 
posite effect of engine pressure ratio on the pressure distribution from that shown in 
figure 3. As the engine pressure ratio decreased from 1. 34 to 1. 08, the average nega- 
tive value of the upper surface pressure coefficient decreased by 20 percent. For the 
lower pressure ratio engine, the increase in mass flow coefficient (inlet suction of the 
engine) contributes to the reduction in the value of the pressure coefficient. For engines 
located under the wing, the higher the pressure ratio the higher the negative pressure 
coefficients and the more the adverse pressure gradient at the wing leading edge. The 
higher pressure ratio in this case gives the higher lift coefficient as shown in figure 6(b). 
This is opposite to the pressure ratio effect found when the engine was located on the 
wing flap. Thus, the effect of engine pressure ratio on the external aerodynamics is a 
function of engine location. 

Usually in the literature (for example, see ref. 7) the effect of engine characteris- 
tics on the external aerodynamics is represented by using only the exit thrust coeffi- 
cient as a parameter. It has been demonstrated in the previous discussion that for a 
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constant thrust coefficient the engine pressure ratio has a definite effect on the lift coef- 
ficient and pressure distribution of the wing propulsion system. Thus, when the engine 
inlet is in the vicinity of the wing, both engine exit thrust coefficient and engine pressure 
ratio should be specified when illustrating the effects of the engine on the external aero- 
dynamics. 


Engine Thrust Coefficient 

The effect of thrust coefficient on pressure distribution is illustrated in figure 7 for 
the engines on top of the flap and for constant engine mass flow coefficient. A constant 
mass flow coefficient and varying engine pressure ratio imply a varying thrust coeffi- 
cient (fig. 2). The average negative value of the pressure coefficient increased by 
25 percent as the thrust coefficient increased from 2.6 to 4. 5. An increase in thrust 
coefficient results in greater exhaust jet penetration and a shift in the stagnation point 
further under the wing leading edge. Consequently, higher lift coefficients and larger 
adverse pressure gradients are obtained at the larger thrust coefficients (see fig. 7(b)). 
Similar incremental changes in pressure would be obtained for other engine locations 
for the same jet incidence angle since the effect of thrust coefficient is independent of 
engine location. 


Engine Size 

For a constant engine pressure ratio the engine size is varied by the simultaneous 
variation of mass flow coefficient and thrust coefficient. The effect of engine size is 
shown for an engine pressure ratio of 1. 34 in figure 8. For engines located on top of the 
wing (fig. 8(a)), a 50-percent increase in both thrust coefficient and mass flow coeffi- 
cient results in an 80-percent increase in the negative value of the upper surface pres- 
sure coefficient. In this case, the effects of thrust coefficient and mass flow coefficient 
increase the negative level of the upper surface pressures. For the engine located on 
the bottom of the wing (fig. 8(b)), a 50-percent increase in both mass flow coefficient 
and thrust coefficient results in a 10-percent decrease in the negative value of the upper 
surface pressure coefficient. For this engine location, the effect of mass flow coeffi- 
cient outweighs the effect of thrust coefficient. 


Engine Location 

A comparison of pressure distributions at various engine locations for an engine 
pressure ratio of 1. 18 is presented in figure 9. For the engine located on top of the 
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wing flap, high negative pressure coefficients exist near the wing leading edge followed 
by a large adverse pressure gradient. A very mild adverse pressure gradient existed 
for the engine located under the wing. A relatively flat pressure profile was obtained 
for the engine located at the front of the wing. Lift coefficients corresponding to each 
pressure distribution are also given. The pressure distribution with the highest aver- 
age negative value of pressure coefficient has the largest value of lift coefficient. The 
differences in pressure distribution and lift coefficient can be attributed to the effects 
of suction at the engine inlet. Flow fields for the various engine locations are illustrated 
in figure 10. For the engines located at the front of the wing and under the wing, one 
stagnation point occurs at the wing leading edge and another occurs on the under surface 
of the engine. For the engine located on top of the wing flap (fig. 10(c)), one stagnation 
point occurs slightly under the wing leading edge and the other occurs at the inlet lip of 
the engine. A close study of figures 10(a) and (b) reveals that the average upwash angle 
at the engine inlet for the engine located at the front of the wing is less than the upwash 
angle for the engine located under the wing. Upwash angles are important when con- 
sidering the performance of the propulsion system inlet and overall engine performance. 


COMPARISONS 
Jet Flap Theory 

A comparison of two-dimensional lift coefficients by the method of this report (with 
Cq = 0 and no engine) and Spence's jet flap theory (ref. 2) is presented in figure 11 for 
various jet incidence angles. The jet flap results were corrected for wing thickness by 
applying the standard thickness correction (1 + t/c). Good agreement was found between 
the method of this report and jet flap theory for jet incidence angles of 14° and 30°, re- 
spectively. For a jet incidence angle of 60°, the lift coefficients predicted by the 
method of this report were, on the average, 4. 5 percent higher than jet flap theory. 

This result is expected since the method of this report accounts for large flap deflection 
angles whereas jet flap theory assumes small angles. 


Experiment 

A comparison of predicted three-dimensional lift coefficients with experimental 
data is presented in figure 12. The theoretical three-dimensional lift coefficients were 
obtained by applying the aspect ratio correction of reference 8 to the predicted two- 
dimensional lift coefficients. The experimental data for both engine locations were ob- 
tained from wind tunnel tests at the NASA Lewis Research Center V/STOL propulsion 
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wind tunnel (see ref. 9 for wind tunnel description). A more detailed description of the 
test models can be found in references 3 and 10. For engines located on top of wing, 
the predicted lift coefficients were, on the average, 15 and 20 percent higher than the 
experimental data for the jet incidence angles of 14° and 30°, respectively. The pre- 
dicted lift coefficients for engines located under the wing were, on the average, 11 per- 
cent higher than experimental data. Similar percent differences between potential flow 
predictions and experimental data on high lift wings are discussed in reference 11. It 
is expected that the predicted lift coefficient be greater than the experimental data, 
since the calculated lift coefficient is the maximum attainable, corresponding to com- 
plete boundary layer control and negligible viscous effects. 


SUMMARY OF RESULTS 

The effects of the engine on the external aerodynamics of STOL wing propulsion 
systems, as determined from two-dimensional potential flow analysis, were illustrated. 
For the propulsion system studied, the engine inlet was in the vicinity of the wing, the 
wing angle of attack was 0°, the jet incidence angle was 30°, and the free-stream Mach 
number was 0. 12. The principal results of this study are as follows: 

1. For a constant engine exit thrust coefficient, the pressure distribution and lift 
coefficient change with engine pressure ratio (varying mass flow coefficient). Thus, 
both engine exit thrust coefficient and engine pressure ratio should be specified when 
considering the effects of the engine on the external aerodynamics. 

2. The effect of engine pressure ratio (for constant thrust coefficient and varying 
mass flow coefficient) on the external aerodynamics is a function of engine location. 

For engines located on top of the wing, the negative value of the upper surface pressure 
coefficients increases (resulting in greater lift coefficients) with a decrease in engine 
pressure ratio. For engines located on the bottom of the wing, the value of the upper 
surface pressure coefficient increased (resulting in greater lift coefficients) with an in- 
crease in engine pressure ratio. 

3. For a constant engine pressure ratio, the same percent increase in both thrust 
coefficient and mass flow coefficient (an increase in engine size) resulted in an increase 
in the negative value of the upper surface pressure coefficient and an increase in lift 
coefficient for an engine located on top of the wing. For an engine located under the 
wing, the effect resulted in a decrease in the negative value of the upper surface pres- 
sure coefficient and lift coefficient. 

4. A comparison of pressure distributions at various engine locations for an engine 
pressure ratio of 1. 18 indicated a relatively flat pressure profile for the engine located 
at the front of the wing, a very mild adverse pressure gradient for the engine located 
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under the wing, and a large adverse pressure gradient at the wing leading edge for the 
engine located on top of the wing flap. 

5. The average upwash angle at the engine inlet for the engine located at the front 
of the wing was less than for the engine located under the wing. 

6. A comparison of the predicted two-dimensional lift coefficients by the method of 
this report and Spence's jet flap theory indicates good agreement for jet incidence angles 
of 14° and 30°. 

7. The predicted lift coefficients ranged from 11 to 20 percent higher than the ex- 
perimental lift coefficients for the wing propulsion systems tested. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, February 15, 1972, 

741-72. 
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APPENDIX - RELATION OF PROPULSION SYSTEM PARAMETERS 
TO ENGINE PRESSURE RATIO 


In this appendix, an equation is derived which relates the ratio of mass flow coeffi- 
cient Cq to exit thrust coefficient Crp to engine pressure ratio P e /P Q , adiabatic ef- 
ficiency t], and free-stream Mach number The propulsion system parameters 

are defined as 


and 



m 

PV«, c 




> 



J 


(Al) 


The thrust coefficient is defined at the trailing edge of the wing (fig. 1), and the exit 
velocity is calculated assuming that the average static pressure in the exit jet is ambi- 
ent pressure (p g = p^). Using the definition of Cq and Crj, and the definition of the 
speed of sound for a perfect gas yield the ratio of the two propulsion system parameters: 


c Q v„ 

C T ' 2V e " 2M e Vi; 


(A2) 


When the total to static isentropic expressions for temperature ratio (ref. 12) are used, 


and 








J 


(A3) 


the expression for total exit temperature in terms total inlet stagnation temperature, 
adiabatic efficiency, and engine pressure ratio becomes 
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T e = 


,(y-i)/y 


+ T, 


(A4) 


The inlet total pressure and inlet total temperature are identical to the free- stream con- 
ditions (P 

Cq/C t can be expressed as 


' w , T Q s TJ. When equations (A2), (A3), and (A4) are combined. 



The relation for exit Mach number in terms of pressure ratio (assuming p g = p^,) can be 
expressed as 



te>Ze\ (y " 1)/r 

\Poo Pq/ 



where Pq/p*, is determined from the free-stream Mach number: 


(A6) 


P 


o 




y/(y-i) 


(A7) 


Substituting equations (A6) and (A7) into equation (A5) yields an expression for the pro- 
pulsion system parameters Cq and Crp in terms of P e /P Q , M m , and 77: 



For a given free-stream Mach number and adiabatic efficiency, the ratio of 
varies only with engine pressure ratio as illustrated in figure 2. 


c q/ C T 
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Lift coefficient, Cj Pressure coefficient, C 



(a) Upper surface pressure distribution. 



Engine pressure ratio, P e /P 0 
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y 



Figure 3. - Effect of engine pressure ratio on upper surface pressure 
distribution and lift coefficient for constant thrust coefficient and 
engines on top of flap; thrust coefficient, 3. 



(a) Engine pressure ratio, 1.34; mass flow coefficient, 0.29. 



(b) Engine pressure ratio, 1.05; mass flow coefficient, 0.63. 

Figure 4. - Comparison of flow fields at various engine pressure ratios for 
constant thrust coefficient and engines on top of flap. Thrust coeffi- 
cient, 3. 


Nondimensional distance 
normal to wing chord, 



Nondimensional distance along wing chord, x/c 

Figure 5. - Effect of engine pressure ratio on jet penetration for constant thrust coeffi- 
cient of 3. 


Engine pressure, Mass flow 
ratio, coefficient, 

P e /P 0 C Q 



(a) Upper surface pressure distribution. 



(b) Lift coefficient. 


y Engine location 



Figure 6. - Effect of engine pressure ratio on upper surface pressure 
distribution and lift coefficient for constant thrust coefficient and 
engines under wing. Thrust coefficient, 3. 
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(a) Upper surface pressure distribution. 



(b) Lift coefficient. 


Engine location 

y 



Figure 7. - Effect of thrust coefficient on upper surface pressure distri- 
bution and lift coefficient for constant mass flow coefficient and engines 
on top of flap. Mass flow coefficient, 0.45. 




(b) Engine on bottom of wing. 

Figure 8. - Effect of mass flow coefficient and thrust coefficient on upper 
surface pressure distribution and lift coefficient for constant engine 
pressure ratio of 1.34. 
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Pressure coefficient, C. 


Engine location Lift 

coefficient. 



Figure 9. - Comparison of pressure distributions at various engine lo- 
cations at constant engine pressure ratio of 1. 18. Thrust coefficient, 
3j mass flow coefficient, 0.4. 





Figure 10. - Comparison of flow field at various engine locations at constant 
engine pressure ratio of 1. 18. Thrust coefficient, 3; mass flow coefficient, 
0.4. 


NASA -Langley, 1972 
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(a) Jet incidence angle, 14°. 



<b) Jet incidence angle, 30 P. 



Angle of attack, a, deg 


(c) Jet incidence angle, 60P. 

Figure 11. - Comparison of theoretical two- 
dimensional lift coefficients. Thrust coef- 
ficient, 3; no engine; mass flow coeffici- 
ent, 0. 
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